Air pollutants, and airborne particles in particular, pose significant risks to human health 2 (REVIHAAP, 2013) . A body of evidence has been accumulating over the last few decades on the 3 effects of air pollution on cardiovascular and respiratory diseases, but there is still considerable 4 uncertainty about the mechanisms of action linked to the health effects and about which physical 5 and/or chemical characteristics of particulate matter (PM) are most important as determinants of 6 health effects (Harrison and Yin, 2000; Kelly and Fussell, 2012) . A key point in assessing the health effects of air pollution is contrasting exposure between people 9 residing in different cities (Pope at al., 2009; Dockery et al., 1993) or different areas within the 10 same city and its surroundings (Raaschou-Nielsen et al., 2013; Beelen et al. 2014) . Differences in 11 exposure for people residing in urban areas are mainly related to differences in proximity to traffic 12 sources and the most recent and advanced epidemiological studies, especially those devoted to long 13 term and traffic-related health effects (Hampel et al., 2015; Wang et al. 2014) , assign exposure 14 based on outdoor concentration of air pollutants measured or estimated at the front door. In this 15 respect, Land Use Regression Models and Dispersion Models provide comparable performance (de 16 Hoogh et al., 2014; Beelen et al., 2010) and have been demonstrated to be effective tools to improve 17 exposure assessment compared to the use of data from fixed site monitoring stations. Nitrogen 18 dioxide and particle concentration (usually ultrafine particle number or particles with aerodynamic 19 diameter below 10 µm -PM 10 -or particles with aerodynamic diameter below 2.5 µm -PM 2.5 ) are 20 the most common parameters used as air quality indicators.
22
While a number of studies have investigated spatial variations of air pollutant concentrations 23 between traffic and urban background sites (Boogard et al., 2011; Naser et al., 2008; Harrison at al., 24 2004) and in specific locations, such as building-free areas near highways (Patton et al., 2014; Zhu 25 at al., 2002) or inside street canyons (Zhou et al. 2008) , only very few studies have addressed 26 specifically the issue of the differences between the concentrations of air pollutants at the front and 1 back of buildings next to busy streets (Weber et al., 2008; Hitchins et al., 2002) . Weber et al. found 2 differences in particle mass and number concentrations between a busy urban street canyon and an 3 adjacent backyard using optical particle counters. Higher concentrations in the canyon of on 4 average 30 % for PM 10 and 22 % for PM 1 were found within the street canyon. On the contrary 5 Hitchins et al. found no significant gradients from the front to the rear of the building for PM 2.5 and 6 submicrometre particle number concentrations considering three low-rise buildings at a distance 7 between 11 and 75 m from roads. The main goal of this paper is to investigate which particle metrics measured at the front door can 10 be used as proxies of residential exposure. More specifically, we would like to investigate how large 11 are the errors in assigning the same exposure to individuals residing in the same building near major 12 roads. This is a key point in epidemiological studies because these individuals represent the very 13 important subpopulation of highly exposed subjects. This work is part of a series of monitoring 14 campaigns planned within the "Supersito" project (http://www.arpa.emr.it/supersito) aimed at 15 assessing the variability of exposure within urban areas with a special emphasis on various PM 16 metrics (Zauli Sajani et al., 2015) . .
18

METHODS
19
Study Design
20
To achieve the study aims, two main methodological options were selected a-priori.
21
The first is the choice of going beyond the mere comparison of front/back outdoor particle
22
concentrations by including analyses indoors, where population exposure mostly occurs.
23
The second is the choice of monitoring uninhabited indoor environments. The main reason for this 24 choice was related to the fact that many studies suggest that particles of outdoor and indoor origin 25 have different physical and chemical characteristics (Brown et al., 2008) and probably can also 26 6 cause different health effects (Zhou et al., 2013; Ebelt et al., 2005) . In fact, indoor exposure to 1 particulates comes from particles of outdoor origin on which additive contributions of indoor-2 generated particles arising from specific indoor sources superimpose (Urso et al., 2015, Fuller et al., 3 2013). It was assumed that mean within-city gradients of residential population exposure are 4 primarily generated by exposure to air pollution of outdoor origin.
6
We selected two indoor environments similar in terms of volume and building materials, with 7 virtually identical Air Exchange Rates (AERs). AERs were controlled by installing in each indoor 8 environment a mechanical system to force air to be exchanged between indoors and outdoors. The earlier work has shown that this method is highly effective and does not cause significant loss of 14 particles (Zauli Sajani et al., 2015) .
16
The measurements at the two sides of the building were conducted simultaneously indoors and 17 outdoors (i.e. we had four simultaneous measurement sites). Figure 1 outlines the size of the 18 building and the location of the monitoring sites. Figure 1S shows The indoor monitoring site at the front side (from now on "indoor front site") was on the ground were derived from 1-minute data and used in the analyses. air inflow system was found to cause a minor loss of particles (Zauli Sajani et al., 2015) . analyzer was placed at each indoor and outdoor sampling site in order to monitor both the indoor 5 gas decay -until the indoor baseline was reached -and the corresponding outdoor CO 2 levels.
7
Meteorological outdoor data were obtained from the meteorological station belonging to the urban 8 meteorological network of ARPAE Emilia-Romagna ("Bologna Urbana" station - samplers) were about 2 µg/m 3 and were quite similar among the various intercomparisons. The 1 differences for slope (from identity) and intercepts (from zero) were usually not significant and not 2 related to specific instruments. Consequently, no corrections were applied to PM 2.5 data.
3
In the preliminary phase of the monitoring campaign we carried out four intercomparisons (one 4 before and after each monitoring campaign -mean duration 2 days) between the two FMPS using than the mean plus three times the standard deviation for the corresponding campaign and time slot.
17
Then we averaged non-anomalous data on an hourly and daily basis. Statistical data analysis was 18 carried out using the R package (Version 3.0.1). The meteorological conditions during the study periods are summarized in Table 1S . The sampling 4 periods were quite representative of the typical annual variability in the area (Table 2S) and maximum equal to -1.4 and 11.7°C, respectively. The area is characterized by low wind 9 intensities and this was a common characteristic of the two monitoring campaigns (mean wind 10 intensities from 1.6 m/s during the second campaign to 2.5 m/s during the first campaign). During 11 the sampling periods precipitation events were rare: in fact, only one rainy day during the hot period
12
was recorded with a total of 5.6 mm. Table 1 give an overview of the UFP number concentrations during the monitoring 10 campaigns. Mean UFP concentrations at the outdoor front site were 3.5 times higher than at the 11 outdoor back site with higher front/back ratios during the cold period (4.2) compared to the hot 12 season (2.5). The highest outdoor hourly value at the front site was 120,900 #/cm 3 while the highest The range of UFP indoor concentrations was much lower than outdoors, at both sites. As for 1 outdoors, large gradients were found in the UFP indoor concentrations between the front and back 2 (ratio 2.2), with mean I front /I back ratios ranging from 1.7 during the hot period to 2.5 during the cold 3 season.
5
The I/O ratio for UFP was higher in the back compared to the front of the building (0.5 vs 0.3) and 6 remained almost constant over the two campaigns ( Table 1) . As shown in the following section, The Pearson correlation coefficient between daily outdoor UFP concentrations at the front and rear 20 was equal to 0.84 ( Figure 3 ). This value was slightly lower than in the previous SUPERSITO 21 campaign and significantly higher than those reported in other studies focused on particle number 22 concentrations (Puustinen et al., 2007) . Correlations between indoor UFP concentrations were lower 23 (R = 0.79). Very similar correlation coefficients were found between indoor and outdoor UFP 24 concentrations at the front and back sides of the building (R = 0.94 and 0.85 respectively).
26
It was expected that wind direction would influence the relationship between the outdoor 1 concentrations at the front and back of the building and thereby also influence the indoor 2 concentrations. Both indoor and outdoor concentrations of UFP at the front of the building showed 3 no appreciable sensitivity to wind direction (see Figures 3S and 4S) . At the back of the building, 4 both outdoor and indoor UFP concentrations showed a similar wind speed and direction dependence 5 with highest concentrations on stronger winds in the easterly sector. This is probably due to the fact 6 that easterly winds tend to move primary or freshly nucleated particles from the street to the back of concentrations were found at the outdoor front site. A second peak can occur at about 60-100 nm.
19
This is typical of heavily trafficked sites, with the modes arising from the semi-volatile nucleation 20 particles and solid graphitic particles respectively (Harrison et al., 2011) .
21
The presence of a bi (or tri)-modal distribution was also shown in previous studies (Morawska et 22 al., 2008; Hussein et al., 2005) and is in line with knowledge of particle emissions and particles in the air (Shi and Harrison, 1999) . On-road dilution of the exhaust plume is very 1 important in the generation of particles in the exhaust plume. These nucleation processes are 2 favoured by low ambient temperatures and high relative humidity (Charron and Harrison, 2003) 3 which are typical in the area during the cold season (Table 1S ). In addition, the gaseous precursors 4 condense or adsorb on to the surface of carbon particles in the accumulation mode.
6
Upon entry into the building, not only would the nucleation mode fraction show a higher deposition released would tend to adsorb to indoor surfaces (Weschler and Nazaroff, 2008) and settled indoor 10 dusts (Weschler and Nazaroff, 2010) . Such processes would contribute to a relatively rapid loss of 11 the nucleation mode of particles such that shown in the front site between outdoor and indoor and 12 from front outdoor to back .
13
Indoor size distributions were very similar to the findings of the previous work comparing traffic 14 and residential sites (Zauli Sajani et al., 2015) . Similar shapes and differences between sites were 15 also found by Ruths et al. (2014) . Much lower relative weight of the nucleation mode compared to 16 the accumulation mode was found indoors compared to the outdoor size distributions as was also 17 found in other previous studies (Hussein et al., 2004; Diapouli et al., 2011) .
18
Relevant differences in the shape of the size distributions were found between the cold and the hot for the front and back site, respectively. As expected, outdoor concentrations during the cold period 6 were, on average, more than three times higher compared to summer, according to the typical PM 7 seasonal trends in some European countries (Oeder et al., 2012) .
The outdoor PM 2.5 ratio between front and back levels was slightly higher than the ratio between 10 traffic and residential sites found in similar monitoring campaigns conducted under the same
11
SUPERSITO project (1.14 vs 1.06) (Zauli Sajani et al., 2015) . The PM 2.5 spatial variability in our 12 study was virtually equal to the mean within-city variability reported in the ESCAPE study, a very 
20
Differently from UFPs, higher PM 2.5 ratios were found between front and back indoor 21 concentrations (1.44 on average, 1.82 during the cold period and 1.31 during the hot period).
22
Mean indoor/outdoor (I/O) ratios for PM 2.5 during the cold period were equal to 0.57 at the front nitrates were found to be the largest contributors to PM 2.5 mass at the two outdoor monitoring sites,
18
followed by elemental carbon (EC), sulfates and ammonium. Indoor data confirmed the primary 19 role of OC and showed a pronounced decrease of nitrates. The contribution of ammonium was more 20 than three times higher at the outdoor sites compared to indoor.
22
Significant differences (p-value < 0.005) were found between outdoor front and back average levels 23 for EC (3.96 and 2.25 µg/m 3 , respectively) and Mn (7.25 and 5.54 ng/m 3 , respectively) ( Table 2) .
24
Large but not statistically significant were the outdoor trends for Fe and Sn (Table 2 ). The same 25 patterns were confirmed indoors, with indoor differences always higher than outdoors. The largest
26
I front /I back ratios were found for Fe and Sn, with values more than three times at the front door 1 compared to the back side (Table 2) . motor exhausts (Pant et al., 2013) . Furthermore, traffic-induced road dust resuspension also plays 9 an important role for some elements (Fe and Mn), including those originated from crustal sources.
10
Although more marked for the coarse size fraction, this can be considered also a contributor to fine 
15
Modestly increased Zn concentrations at the street site (1.11) were found in our survey. This could 16 be due to the fact that Zn may derive from tyre wear (Manoli et al., 2002) but also from a large 17 number of other atmospheric sources (Thorpe and Harrison, 2008) .
18
Large influence of traffic proximity on chemical composition of PM2.5 was also found in the
19
ESCAPE data, with relevant differences in concentrations between traffic and urban background 20 sites especially for Fe and Zn (Tsai et al., 2015) .
21
I/O ratios were < 1 for all the chemical species at both sites, with the exception of strong traffic 22 markers (EC, V, Sn, Sb and Fe) at the front side (Table 3 ). This could be due to the location of the (Table 3 ). The very low 3 I/O ratios for nitrate are due to the evaporation of ammonium nitrate indoors, due to deposition of 4 ammonia and nitric acid vapour on indoor surfaces causing destabilisation (see below).
5
The outdoor and indoor EC/TC ratios were respectively 0.31 and 0.39 at the front sites and 0.21 6 and 0.22 at the back sites. These values were similar to those reported by Naser et al. (2008) for 7 outdoor urban data. Lunden et al., 2003) . This was attributed to the semi-volatility of ammonium nitrate, leading to 25 losses as nitric acid and ammonia vapours. This behavior was also highlighted in the previous 1 SUPERSITO campaign (Zauli Sajani et al., 2015) . could be to try to enroll as "highly exposed" only people residing in apartments facing trafficked 15 streets. An alternative approach could be to assign exposure based on air pollutant concentrations 16 estimated at the building centroids rather than at front door.
17
The choice of monitoring uninhabited indoor environments made possible the use of instruments 18 such as instruments for PM2.5 mass measurements using reference methods that are rarely used in 19 inhabited house due to their size and noise emissions.
20
A possible weakness of the study is related to the choice of a unique building to be monitored .
21
Other monitoring campaigns in different settings could be useful but we think that this study should 22 be considered significantly more than a pilot study. As a matter of fact, the selected building is a 23 quite common setting within urban areas even though pure canyon configuration with higher and 24 continuous buildings could produce even higher front/back gradients compared to our findings. In 25 conclusion we think that our study gives important insights about possible misclassification of It may also be questioned as to whether the air ventilation system could be a weakness of our study.
8
This question was considered in detail in our earlier paper (Zauli Sajani et al., 2015) . In brief, we 9 think that the two identical simple systems installed to impose fixed and equal air exchange rates 10 between sites should be considered a strength and not a weakness of the study. Firstly, this choice 
SUMMARY AND CONCLUSIONS
19
This study focused on the variations of exposure to various particle metrics from the front to the 20 back of a building located next to a trafficked street. In particular, both indoor and outdoor spatial 21 gradients have been analysed in terms of PM 2.5 mass and chemical composition, size distribution 22 and particle number concentrations. Large differences in the concentrations of UFP, tin, manganese,
23
iron and elemental carbon were found both indoors and outdoors. Sizeable but less substantial were 24 the spatial gradients for PM 2.5 . Significant differences were also found for the shape of particle size 25 distributions for outdoor particles, while indoor particles showed very similar distributions. Indoor 1 front/back ratios are generally consistent in terms of direction but with remarkable differences in 2 magnitudes between the different particle metrics. Indoor concentrations were much lower than 3 outdoors for PM 2.5 mass and UFP. Taking into account the chemical components, the building 4 environment was protective especially for nitrates, ammonium, potassium, sulfates, lead and 5 cadmium underlining the different characteristics of indoor particulate matter compared to outdoor 6 independently from the presence of indoor sources.
7
Our findings showed that the variability of exposure to air pollution of people living in the same 8 building next to a busy street may be large i.e. some people could be erroneously classified as 9 highly exposed. The front/back variability was comparable to that found in previous studies 10 involving people residing in buildings in heavy and low traffic areas. Given that a common way to 11 assess the risks due to exposure to air pollutants, and in particular to the risks associated with 12 proximity to traffic sources, is by contrasting exposure levels within cities, and considering that the Birmingham came from the Kic-Pioneers EU Program which involved the corresponding author.
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